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Abstract 

Amyloid-p precursor protein (APP) plays a central role in pathogenesis of Alzheimer's disease. APP has a short half-life and 
undergoes complex proteolytic processing that is highly responsive to various stimuli such as changes in cellular lipid or 
energy homeostasis. Cellular trafficking of APP is controlled by its large protein interactome, including dozens of cytosolic 
adaptor proteins, and also by interactions with lipids. Currently, cellular regulation of APP is mostly studied based on 
appearance of APP-derived proteolytic fragments to conditioned media and cellular extracts. Here, we have developed a 
novel live-cell assay system based on several indirect measures that reflect altered APP trafficking and processing in cells. 
Protein-fragment complementation assay technology for detection of APP-BACE1 protein-protein interaction forms the core 
of the new assay. In a multiplex form, the assay can measure four endpoints: total cellular APP level, total secreted sAPP 
level in media, APP-BACE1 interaction in cells and in exosomes released by the cells. Functional validation of the assay with 
pharmacological and genetic tools revealed distinct patterns of cellular fates of APP, with immediate mechanistic 
implications. This new technology will facilitate functional genomics studies of late-onset Alzheimer's disease, drug 
discovery efforts targeting APP and characterization of the physiological functions of APP and its proteolytic fragments. 



Citation: Merezhko M, Muggalla P, Nykanen N-P, Yan X, Sakha P, et al. (2014) Multiplex Assay for Live-Cell Monitoring of Cellular Fates of Amyloid-f3 Precursor 
Protein (APP). PLoS ONE 9(6): e98619. doi:10.1371/journal.pone.0098619 

Editor: Zhongcong Xie, Massachusetts General Hospital, United States of America 

Received February 5, 2014; Accepted May 5, 2014; Published June 16, 2014 

Copyright: © 2014 Merezhko et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This work was supported by grants from the Academy of Finland (grant numbers 21 8081 , 263762 and 1 26889), Sigrid Juselius Foundation, Biocentrum 
Helsinki and Finnish Cultural Foundation. The research leading to these results has received funding from the European Union's Seventh Framework Programme 
(FP7/2007-201 1) under grant agreement n° 206918. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of 
the manuscript. 

Competing Interests: Henri J. Huttunen is an employee and shareholder of Hermo Pharma Ltd. This does not alter the authors' adherence to PLOS ONE policies 
on sharing data and materials. 

* Email: Henri.Huttunen@helsinki.fi. 

9 These authors contributed equally to this work. 



Introduction 

Amyloid- (3 precursor protein (APP) is multifunctional glycopro- 
tein and a source of several proteolytically generated bioactive 
peptides [1,2]. Amyloid-P peptide (AP) is a major constituent of 
amyloid plaques, a pathological hallmark of Alzheimer's disease 
[3]. In the nervous system, soluble AP has prominent inhibitory 
effects on synaptic function and plasticity [4,5]. AP is derived from 
amyloid- P precursor protein (APP) via sequential proteolytical 
cleavages by P-secretase (BACE1) and y-secretase [6,7]. Other 
fragments, such as sAPP-oc, sAPP-P and APP intracellular domain 
(AICD), have paracrine and cell-autonomous regulatory functions, 
which remain incompletely characterized [8-11]. In addition to 
peptides from the well-characterized a-, P- and yl s cleavages, also 
other cleavage products of APP have been described in specific 
conditions [12-15]. 

APP has a rapid turnover in most cells types [16,17], and 
protelolytic processing plays a central role in APP's lifecycle and 
functions [2,18]. While nonamyloidogenic processing of APP by ot- 
secretases takes mosdy place at the cell surface, amyloidogenic P- 
and y-secretase-mediated processing of APP occurs within 
intracellular vesicular compartments, especially endosomes [19- 
2 1] . Therefore, endocytosis and subcellular vesicular trafficking of 
APP are major determinants of the cellular fate of APP [22]. The 



APP trafficking and processing system is highly responsive to 
various aspects of cellular metabolism and stress, including 
alterations in lipid, Ca + and energy homeostasis [17,23-27]. A 
complex interplay of proteins interacting with APP determines its 
cellular trafficking and fate. Particularly, there seems to be a large 
number of cytosolic adaptor proteins that interact with the 
cytosolic domain of APP and regulate its internalization and 
further subcellular trafficking [28]. Moreover, interaction with 
membrane lipids also modulates APP trafficking and processing 
[29,30]. 

A variety of methods have been applied for studying the cell 
biology of APP. Western blot and ELISA are the standard 
methods to study proteolytic fragments of APP. In addition, 
techniques like affinity capture-mass spectrometry offer an 
unbiased way for characterization of components of the APP 
interactome [28,31,32], while fluorescence resonance energy 
transfer (FRET)-based techniques have proven useful for visual- 
ization and studying dynamics of individual protein-protein 
interactions based on physical proximity in living cells [33,34]. 
Studying the complex cellular regulation of APP, especially the 
dynamic features, would benefit from development of novel tools 
that can be used in live cells, preferably with high-throughput 
capacity. 
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Among the more than 200 currently known protein interactors 
of APP [28], BACE1 has attracted perhaps the most attention 
[35]. Since BACE1 -mediated amyloidogenic cleavage of APP is 
the rate-limiting step in generation of AfS peptide, better 
understanding of the dynamics of APP-BACE1 interaction could 
help explain cellular mechanisms involved in the early stages of 
pathogenesis of Alzheimer's disease. Moreover, the normal 
physiological function(s) of APP and its proteolytic fragments 
remain poorly understood. Better understanding of the molecular- 
level regulation of APP-BACE1 interaction can provide novel 
insight into the cellular functions of these proteins. Here, we have 
developed a novel approach for studying APP-BACE1 interaction 
using a protein-fragment complementation assay (PCA) based on 
the small Gaussia princeps luciferase (GLuc) [36]. This sensitive 
APP-BACE1 protein-protein interaction assay was combined with 
alkaline phosphatase-based detection of secreted sAPP fragments 
providing a four-readout multiplexed assay platform capable of 
delivering mechanistic details on how APP is regulated in live cells. 

Materials and Methods 

DNA plasmid construction 

The original humanized Gaussia princeps PCA plasmids [36] were 
donated by Dr. Stephan Michnick (Universite de Montreal, 
Canada) and were constructed in the pcDNA3.1/zeo (Invitrogen) 
backbone. The hGLuc-tagged APP 693 constructs were generated 
and donated by Dr. Oksana Berezovska (Massachusetts General 
Hospital, Boston, MA). All APP constructs used in this study 
expressed the neuronal APP 69 r, isoform lacking the KPI domain. 
The cDNA of BACE1 was a gift from Dr. Dora Kovacs 
(Massachusetts General Hospital, Boston, MA). For APP and 
BACE1 (both type 1 transmembrane proteins), the hGLuc 
fragment was placed in the cytosolic C-terminus after a 
(GGGGS) 2 SG linker. The APP-hGLuc constructs were further 
modified by fusing the secreted alkaline phosphatase (AP) fragment 
to the N-terminus replacing the endogenous APP signal peptide 
[pEAK12-AP/APP plasmid was a kind gift from Dr. Stephan 
Lichtenthaler (Ludwig-Maximilians-Universitat Munchen, Ger- 
many)] [37]. The identity of all constructs was confirmed by DNA 
sequencing. 

Cell culture, transfection and RNAi 

Mouse Neuro-2A (N2A) neuroblastoma cells (ATCC) were 
cultured in DMEM supplemented with 10% (v/v) FBS (Invitro- 
gen), 1 % (v/ v) L-glutamine-penicillin-streptomycin solution 
(Lonza) at 37°C in a water-saturated air, 5% CO2 atmosphere. 
N2 A cells were transfected with JetPEI (Polyplus) according to the 
manufacturer's instructions. The transfection conditions were 
optimized so that on average at least 80% transfection efficiency 
was reached. Gene silencing was achieved by co-transfection of 
plasmids encoding shRNA for mouse GGA3 or mouse VPS35 
(OpenBiosystems/Thermo Scientific). Gene silencing efficiency 
was tested in N2A cells using Western blotting. 

Protein fragment-complementation assay 

N2A cells were plated on poly-L-lysine-coated white-wall 96- 
well plates (PerkinElmer Life Sciences). 125 ng of plasmid DNA 
was used for transient transfection per well, divided as follows: 
58.75 ng of GLucl reporter plasmid, 58.75 ng of GLuc2 reporter 
plasmid, and 7.5 ng of pRC/CMV-fi-galactosidase (fiGal) as an 
internal vector control. In case of co-transfection with shRNA 
plasmids, the ratios were as follows: GLucl 27 ng, GLuc2 27 ng, 
shRNA 40 ng and fiGal 6 ng. Experiments were carried out 48 h 
after transfection with four replicate wells used per experimental 



condition. Briefly, the cells were washed with warm PBS and 
placed in phenol red-free DMEM (Invitrogen) without serum. Test 
compounds were added to the medium, and the cells were 
incubated for 2-24 h. Brefeldin A (BFA) and Bafilomycin Al were 
purchased from Sigma. BACE inhibitor IV was obtained from 
Calbiochem and DAPT was from Biomol (Enzo Life Sciences). 
Dynole 34-2 was purhcased from Tocris/R&D Systems. DMSO 
was used as a vehicle control. For detection of the hGLuc PCA 
signal, the cells were exposed to well-by-well injections of 25 ul 
(final concentration, 20 uM) of native coelenterazine (Nanolight 
Technology), and the emitted luminescence was detected imme- 
diately by flash luminometry using a Victor plate reader 
(PerkinElmer Life Sciences). Individual experiments were repeated 
three or four times. After measuring the PCA signal, cells were 
lysed for fiGal assay with 40 JU.1 of lysis buffer/ well (120 mM Tris- 
HC1, pH 7.5, 120 mM NaCl, 6 mM MgS0 4 , 6% Triton X-100) 
and incubated for 30 min at room temperature with mild shaking. 
Then, 45 u.1 of fiGal substrate o-nitrophenyl-fi-D-galactopyrano- 
side (Sigma, 4 mg/ml stock in sterile water) solution was combined 
with 55 u.1 of cleavage buffer (120 mM sodium phosphate, pH 7.0, 

24 mM KC1, 2.4 mM MgS04, and 2.4 mM DTT), and 100 ul of 
this solution was added per well. The plates were incubated at + 
37°C for a further 30 minutes and absorbance was read at 
405 nm. 

Secreted alkaline phosphatase (SEAP) assay 

Conditioned media was collected at indicated time points and 
clarified by centrifugation at 5,000 x g for 10 min. Secreted sAPP 
was measured by a chemiluminescent Secreted Alkaline Phospho- 
tase reporter gene assay (SEAP Assay; Roche Applied Science) 
according to the manufacturer's instructions. 

Multiplex PCA 

PCA part was adjusted by changing the ratios of plasmids for 
transient transfection. 125 ng of plasmid DNA was divided as 
follows: 33.75 ng of GLucl reporter plasmid, 83.75 ng of GLuc2 
reporter plasmid, and 7.5 ng of fiGal plasmid. 42 h after 
transfection, the cells were washed with warm PBS and placed 
in 130 ul of phenol red-free DMEM (Invitrogen) without serum. 
Test compounds were added to the medium, and the cells were 
incubated for 6 h. Media was collected and cleared by centrifu- 
gation at 5,000 x g for 10 min. The cells were placed in fresh 
phenol red-free DMEM without serum and hGLuc PCA signal 
was detected as described above. After measuring the PCA signal, 
cells were lysed for fiGal assay as described above. 25 ul of lysates 
were collected to measure total cellular APP by SEAP assay. Then, 
fiGal assay was carried out as in a single-readout PCA. 
Supernatant was split in 2 samples and analyzed separately: 

25 JU.1 of media was used to measure shed sAPP by SEAP assay and 
75 ul was used to measure exosomal APP-BACE1 by PCA. PCA 
and SEAP assay signals were normalized to fiGal signals well by 
well. 

Western blots 

For Western blots, cells were transfected on 6-well polystyrene 
plates (Corning). 24 h after transfection, the cells were washed 
twice with ice-cold PBS followed by scraping and extraction on ice 
for 30 min in a buffer containing 10 mM Tris-HCl, pH 6.8, 
1 mM EDTA, 150 mM NaCl, 0.25% Nonidet P-40, 1% Triton 
X-100, 1 uM NaF and protease inhibitor mixture tablets (Roche 
Applied Science). Cell debris was removed by centrifugation at 
16,000 x g. The protein concentrations were determined using the 
BCA protein assay kit (Pierce/Thermo) and equal amounts of total 
protein (25-40 ug) per lane were resolved in a 4-12% gradient 
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Bis-Tris gels (Novex, Invitrogen) under reducing conditions. After 
transfer to PVDF membranes (Amersham Biosciences/GE 
Healthcare), the filters were probed with the following antibodies: 
A8717 (Sigma; APP C-terminus), dNGluc (Proteintech Group Inc) 
and GAPDH (Millipore). After incubation with horseradish- 
conjugated secondary antibodies, the signal was developed using 
ECL Western blotting detection reagent (Pierce/Thermo). 

Isolation of exosomal vesicles 

N2A cells were plated on 10-cm plates with full DMEM. Cells 
were transfected at about 50% confluency. Cells were washed 
once with pre-warmed PBS and placed in serum-free, phenol red- 
free DMEM. 24 h later, the conditioned media was collected for 
isolation of exosomes, and the cell extracts were prepared for 
Western blot analysis. Conditioned media (pooled from 6 10-cm 
plates) was centrifuged successively at 200 x g for 10 min to 
remove floating cells, at 2,000 x g for 10 min to remove dead cells, 
at 1 0,000 x g for 30 min at 4°C to remove the cell debris. After 
each step, the supernatant was recollected without disturbing the 
pellets. The cell- and debris-free supernatant was centrifuged using 
a Beckman Optima L-100K centrifuge and an SW41 Ti rotor at 
1 00,000 x g for 70 min at 4°C to collect the exosomes. The 
supernatant was gendy removed and the exosomal pellet 
resuspended in 1 ml of PBS. The collected PBS was centrifuged 
again at 1 00,000 x g for 70 min at 4°C. After careful removal of 
the PBS supernatant, the exosomal pellet was resuspended in 40 ul 
of 1.5 X Laemmli buffer (75 mil Tris-HCl, pH 6.8, 3% SDS, 
15% glycerol, 3.75 mM EDTA) with P-mercaptoefhanol, and 
analyzed by Western blotting. 

Ap ELISA 

For A(5 determination, N2A cells were transfected with APP- 
GLuc2 plasmid on 6-well plates (Corning), and 24-h conditioned 
media (serum-free) collected 48 h post-transfection. The condi- 
tioned media was cleared from debris and secreted Ap 40 and Ap 42 
were quantitated by standard sandwich ELISA (pmol/L; IBL 
International GmbH, Germany). Protein concentrations of the cell 
lysates were determined using the BCA protein assay kit (Pierce). 
The AP values were normalized to total protein levels (mg). Each 
experiment was carried out in triplicate. 

Statistical analyses 

Statistical analyses were performed using analysis of variance 
(ANOVA; three or more groups, followed by Bonferroni's post- 
tests) or Student's t test (two groups) in GraphPad Prism software. 
Significance was placed at p<0.05. 

Results 

Protein-fragment complementation assay-based 
detection of APP-BACE1 interaction in live cells 

Because of its pathophysiological significance, we focused on 
APP-BACE1 protein-protein interaction as the first readout of the 
new assay system. Split luciferase PCA technology offers a suitable 
experimental strategy for developing a live-cell assay for studying 
APP-BACE1 interaction dynamics. We chose a PCA based on a 
small Gaussia princeps luciferase (GLuc) reporter, as it provides a 
highly sensitive and reversible detection method for protein- 
protein interactions [36]. Humanized GLuc protein without the 
16 N-terminal amino acids was split between the Gly93 and Glu94 
residues, resulting in a 93 amino-acid (10.1 kDa) GLucl fragment 
and a 76 amino acid (8.2 kDa) GLuc2 fragment. Since APP and 
BACE1 are both type 1 transmembrane proteins with relatively 
short cytosolic domains, we placed GLucl and GLuc2 tags in the 



C-termini of APP and BACE1 in both orientations (Fig. 1A). In 
order to maximize the topological flexibility of the GLuc 
fragments, (GGGGS) 2 SG linker region was placed between the 
C-terminus of the protein of interest and the GLuc fragments. 
GLuc-tagged proteins were expressed normally in N2A cells as 
shown by the Western blots (Fig. IB). The GLuc-tags did not 
interfere with proteolytic processing pattern of APP, as APP- 
GLucl and APP-GLuc2 fusion proteins produced a- and P-C- 
terminal fragments similarly to non-tagged APP (Fig. IB). 

When single GLuc-tagged APP and BACE1 constructs were 
expressed alone in N2A (with control plasmids expressing free 
GLuc 1/2 reporter fragments), only very low background lumi- 
nescence signal was detected when the cells were exposed to native 
coelenterazine, the substrate of Gaussia luciferase (Fig. 1C). When 
APP-GLucl was co-transfected with BACEl-GLuc2 plasmid, a 
robust luminescence signal was detected (Fig. 1C). Similar signal 
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Figure 1. Protein-fragment complementation assay-based 
detection of APP and BACE1 interaction in live cells. (A) 

Graphical presentation of PCA reporter constructs of APP and BACE1. 
hGLuc, humanized Gaussia luciferase fragment; SP, signal peptide; TM, 
transmembrane domain. (B) Normal expression and proteolytic 
processing of APP-GLuc2 and BACE1 -GLucl fusion proteins in N2A 
neuroblastoma cells. Cells were transiently transfected with indicated 
combinations of expression constructs and analyzed for APP fragments 
and BACE1 protein in cell lysates. Western blots were probed with APP 
C-terminal antibody (A8717), dNGluc antibody (detects the GLucl 
fragment) and GAPDH as a loading control. (C) Validation of GLuc-based 
PCA for detection of APP-BACE1 interaction in N2A cells. Cells were 
transiently transfected with indicated combinations of expression 
constructs. Luminescence signal was measured 48 h post-transfection 
in live cells. Normalization of cell numbers and transfection efficiency 
was done with an internal vector control (using a plasmid expressing p- 
galactosidase). Control plasmids were empty GLuc1/2 plasmids 
expressing the indicated GLuc fragment alone. The values are 
normalized bioluminescence signals recorded from expressed pairs of 
reporter constructs. Error bars represent the SEM, and statistical 
significance was assessed using ANOVA. *** p<0.001. 
doi:1 0.1 371/journal.pone.009861 9.g001 
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was detected from cells co-expressing the APP-GLuc2 and 
BACEl-GLucl. To control for specificity of APP-BACE1 PCA, 
we tested APP-GLuc2 and BACE-GLuc2 interaction with GLucl- 
tagged extracellular signal-regulated kinase 2 (ERK2), a mitogen- 
activated protein kinase for which direct interaction with APP or 
BACE1 has not been reported. As shown in Fig. 1C, there was 
very low PCA signal generated by APP-ERK2 or BACE1-ERK2 
suggesting that there was no direct interaction between these 
proteins. 

Next, we tested the dynamics of the APP-BACE1 interaction 
assay using genetic means, based on previously established 
regulators of APP metabolism. Previous studies have shown that 
GGA3 is an important regulator of BACE1 trafficking from 
endosomes for lysosomal degradation [38]. Depletion of GGA3 
stabilizes BACE1 protein increasing its levels in the endocytic 
compartment and therefore results in increased Afi generation. 
Similarly, knockdown of VPS35, a retromer receptor involved in 
endosome-Golgi trafficking of APP, was previously reported to 
promote AP generation [39] . Thus, we decided to use GGA3 and 
VPS 3 5 RNAi as the validation tool in BACE1-APP PCA assay 
development. The knockdown efficiencies of GGA3 and VPS35 
shRNA were determined by Western blotting. As compared to 
control cells, the expression of the corresponding shRNA's in N2A 
cells reduced GGA3 protein level by -62% and VPS 3 5 by -53% 
(data not shown). When the GGA3 and VPS 3 5 shRNA plasmids 
were co-transfected with the PCA plasmids, the BACE1-APP PCA 
signal was increased by 216% in GGA3 shRNA cells (Fig. 2A). 
This indicates that GGA3 knockdown increases interaction 
between BACE1 and APP. To confirm that the increased 
interaction correlates with an increase in AP production, we 
analyzed conditioned media from cells expressing the BACE1- 
APP PCA constructs and shRNA plasmids. Ap 4( ) and Ap 42 levels 
in the conditioned media were increased by 301% and 262% in 
GGA3 shRNA cells, respectively (Fig. 2B), confirming that the 
increased interaction measured by the PCA resulted in increased 
AP generation. VPS35 shRNA cells did not show significant 
increases in AP secretion although the BACE1-APP PCA signal 
was increased by 161% in VPS35 shRNA cells. These data show 
that GLuc PCA can detect changes in APP-BACE1 protein 
interaction in live cells. 



Simultaneous live-cell detection of BACE1-APP 
interaction and shedding of APP 

Since APP ectodomain release by proteolytic cleavage is the 
expected outcome of the BACE1-APP interaction, we sought for 
ways to combine detection of proteolytic processing of APP with 
the live-cell PCA assay. Alkaline phosphatase (AP) fused to the N- 
terminus of APP (after signal peptide) has been previously used to 
detect secreted APP (sAPP) fragments from the conditioned media 
[37]. For simultaneous detection of BACE1 interaction and 
proteolytic cleavage of APP, we generated a double-fusion 
construct of APP, which contains an N-terminal AP fusion and 
a C-terminal GLuc-fusion (Fig. 3A). This allows using a sensitive 
luminescence-based assay (SEAP = secreted alkaline phosphatase 
assay) for detection of sAPP fragments from the conditioned 
media. The AP-APP-GLuc2 was expressed and processed 
normally in N2A cells, as compared to the APP-GLuc2 construct 
that does not have the AP fusion (Fig. 3B). Next, accumulation of 
shed sAPP from cleared, conditioned media was analyzed. SEAP 
assay detected sAPP from media as early as 2 h after media 
change, and showed a linear curve of sAPP production at least up 
to 18 hours (Fig. 3C; R 2 = 0.9782). 

Optimally the shedding assay would detect only sAPP-P 
fragments derived from BACE1 -mediated cleavage of APP. In 
order to make the assay specific for analysis of sAPP-P, we tested 
blocking of ot-secretase-mediated processing of APP via genetic 
means. We introduced the F615P mutation (according to APP 695 
numbering) close to the ot-secretase cleavage site in the AP/APP- 
GLuc2 construct. This mutation was previously reported to reduce 
sAPP secretion by >60% [40]. We observed only a minor shift 
towards P-cleavage, not a complete blockage of oc-processing (data 
not shown). This observation was supported by a recent study 
showing that F615P mutation can only partially inhibit ot-secretase 
cleavage of APP [41]. Therefore, we decided that the APP 
cleavage assay readout shall be the total sAPP (sAPP-ot+sAPP-P) in 
media as determined by the SEAP assay. 

Next, we used pharmacological tools to functionally validate the 
two-parameter assay. Brefeldin A (BFA) inhibits the transport of 
secretory and membrane proteins from the ER to the Golgi. 
Retention of APP in the early secretory pathway has been reported 
to reduce the proteolytic processing of APP and shedding of sAPP 
fragments to media [17,42]. In line with the previous reports, 
treatment of cells with BFA strongly reduced sAPP shedding 
(Fig. 3D; SEAP signal in the media). Interestingly, BFA increased 
the interaction between APP and BACE1, likely due to their 
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Figure 2. Functional assay validation of GLuc PCA for APP-BACE1 interaction. For genetic assay validation of BACE1-APP PCA, plasmids 
expressing GGA3 and VPS35 shRNA were cotransfected to N2A cells with plasmids encoding BACEl-GLucl and APP-GLuc2 reporters. (A) PCA signal 
was measured at 48 h post-transfection. (B) Ap 40 and A(3 42 in conditioned media were determined by sandwich ELISA. The number of replicate wells 
for PCA was four (96-well plate) and for Ap ELISA two (6-well plate). Error bars represent the SEM, and statistical significance was assessed using 
ANOVA. * p<0.05, ** p<0.01, *** p<0.001. 
doi:1 0.1 371 /journal.pone.009861 9.g002 
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Figure 3. Multiplex assay for simultaneous live-cell detection 
of APP-BACE1 interaction and proteolytic cleavage of APP. (A) 

Graphical presentation of the multiplex PCA reporter constructs. 
Alkaline phosphatase (AP) with a signal peptide was placed in the N- 
terminus of APP-GLuc2. AP reporter is depicted in beige and GLuc 
reporter in red color. The same colors are used in column graphs in 
Fig. 3B-F for corresponding reporter data. (B) Normal proteolytic 
processing of the AP/APP-hGLuc fusion protein in N2A cells. Cells were 
transiently transfected with indicated combinations of various APP 
constructs: APP-GLuc2 and AP/APP-GLuc2 and BACEI-GLud. Western 
blots were probed with APP C-terminal antibody (A8717), dNGluc 
(BACE1) and GAPDH as a loading control. (C) Sensitivity and linearity of 
secreted alkaline phosphatase-sAPP (SEAP) assay from conditioned 
media. N2A cells were transiently transfected with BACE1-GLuc1 and 
AP/APP-GLuc2. Cells were incubated in serum-free media for up to 
30 hours (inset graph shows data up to 60 h). AP activity in cell-free 
conditioned media was detected using a chemiluminescent SEAP assay. 
Normalization of cell numbers and transfection efficiency was done 



with an internal vector control (using a plasmid expressing (3- 
galactosidase). The values are normalized chemiluminescence signals 
recorded from expressed pair of constructs. The number of replicate 
wells was four. Linearity of data was evaluated by regression analysis; 
correlation coefficient (R 2 ) was 0.98806. Error bars represent the SEM. 
(D) Effects of brefeldin A (BFA) in the multiplex assay (PCA+AP data). 
N2A cells were transiently transfected with BACE1-GLuc1 and AP-APP- 
GLuc2, and treated with indicated concentration of BFA for 24 h before 
measurement of PCA and SEAP signals (48 h after transfection). The 
average values are displayed as percentage of change as compared to 
vehicle-treated control cells. (E) Effects of BACE inhibitor IV in the 
multiplex assay (PCA+AP data). N2A cells were transfected as in D, and 
treated with indicated concentration of BACE inhibitor IV for 6 h before 
measurement PCA and SEAP signals (48 h after transfection). The 
average values are displayed as percentage of change as compared to 
vehicle-treated control cells. (F) Effects of dynole 34-2 in the multiplex 
assay (PCA+AP data). N2A cells were transfected as in D, and treated 
with indicated concentration of dynole 34-2 for 6 h before measure- 
ment PCA and SEAP signals (48 h after transfection). The average values 
are displayed as percentage of change as compared to vehicle-treated 
control cells. Error bars represent the SEM, and statistical significance 
was assessed using Student's t test (four replicate wells/experiment, 
four independent experiments). * p<0.05, ** p<0.01, *** p<0.001. 
doi:1 0.1 371/joumal.pone.009861 9.g003 

accumulation in the ER (Fig. 3D, PCA data on the left panel). 
Inhibition of fj-cleavage of APP by BACE inhibitor IV, a BACE1 
active-site binding compound, reduced the amount of total 
secreted sAPP in media by 35% while increasing the APP-BACE1 
interaction by 22% (Fig. 3E). This suggests that inhibitor-bound 
BACE1 molecules can still interact with APP although the actual 
enzymatic cleavage of APP is inhibited. 

Endocytosis is required for internalization of APP and BACE1 
from the cell surface [43-45] to the endocytic compartment where 
BACE1 activity is increased by acidification of the vesicle lumen 
[35]. Inhibition of endocytosis reduces APP internalization and 
reduces A(3 production in cell lines [19,46]. Dynole 34-2, a cell- 
permeable small-molecule inhibitor of dynamin-dependent endo- 
cytosis [47], significandy inhibited sAPP secretion (—37%) but 
increased APP-BACE1 interaction by 95% (Fig. 3F). This pattern 
is similar to BACE1 inhibition and suggests that conditions 
interfering with internalization of APP and BACE1 or inhibition of 
BACE1 activity increase the interaction between the two proteins 
although BACE 1 -mediated by proteolytic processing of APP is 
reduced. Moreover, these data show that the two-readout 
multiplex assay of AP/APP-BACE1 interaction and APP shedding 
responds to known modulators of APP-BACE1 trafficking and 
processing in a predictable manner. 

Exosomal secretion of APP and BACE1 PCA reporter 
proteins 

One potential complicating factor for interpretation of the 
SEAP assay signal from conditioned media could be the presence 
of uncleaved APP holoprotein in the media. Exosomal release of 
APP holoprotein, its metabolites and BACE1 by neuronal cells in 
vitro and in vivo has been reported [48] . Also, overexpression may 
result in enhanced exosomal release of reporter proteins. 
Therefore, it is possible the SEAP assay signal represents the 
combined pool of shedded sAPP and exosomal APP holoprotein, 
although the exosomal fraction of APP holoprotein is likely to be 
small as compared to the sAPP fraction. In order to monitor this, 
we analyzed cell-free conditioned media for the presence of AP/ 
APP-BACE1 complex, as determined by the AP/APP-BACE1 
PCA. As shown in Fig. 4A, there is a robust accumulation of AP/ 
APP-BACE1 PCA signal in cleared, conditioned media that 
showed good linearity at least up to 18 hours (R 2 = 0.9667). N2A 
cells constitutively release exosomes enriched in Alix, a multive- 
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Figure 4. Exosomal secretion of AP/APP and BACE1 PCA reporter proteins. (A) Detection of AP/APP-BACE1 PCA signal in cleared, cell- and 
debris-free conditioned media. N2A cells were transiently transfected with BACE1-GI_uc1 and AP/APP-GLuc2. Cells were incubated in serum-free 
media for up to 18 hours. PCA signals in cell-free conditioned media were detected at indicated time points. Normalization of cell numbers and 
transfection efficiency was done with an internal vector control. The values are normalized bioluminescence signals recorded from expressed pair of 
constructs. The number of replicate wells was four. The linearity was evaluated by regression analysis, correlation coefficient (R 2 ) is 0.9971. Error bars 
represent the SEM. (B) N2A cells were transfected with AP/APP-GLuc2 and BACE1-GLuc1 reporter plasmids. Exosomes were isolated from 30-h 
conditioned media (inset graph shows data up to 60 h) by ultracentrifugation and the presence of AP/APP-GLuc2 and BACE1-GLuc1 reporters in 
exosomes was analyzed by Western blotting using antibodies for APP (C-terminal antibody A8717), dNGluc (BACE1) and Alix as an exosomal marker. 
Total cell extracts were analyzed in parallel with the isolated exosome fraction. (C) Pharmacological modulation of ceramide levels alters exosomal 
secretion of AP/APP-BACE1 PCA reporters. N2A cells were transiently transfected with BACEI-GLud and AP/APP-GLuc2, and treated with 10 \xM of 
GW-4869, the neutral sphingomyelinase (nSMase) inhibitor, for 24 h. PCA signal in cell-free conditioned media was measured at 48 h after 
transfection. Normalization of cell numbers and transfection efficiency was done with an internal vector control. The average values are displayed as 
percentage of change as compared to vehicle-treated control cells. Error bars represent the SEM, and statistical significance was assessed using 
Student's t test (four replicate wells/experiment, four independent experiments). *** p<0.001. 
doi:1 0.1 371 /journal.pone.009861 9.g004 



sicular body protein commonly used as an exosomal marker [49] . 
To confirm that the AP/APP-BACE1 PCA reporters are found in 
exosomes, we isolated exomes from the conditioned media using 
the widely used method described by Thery et al [50] . As shown in 
Fig. 4B, both AP/APP-GLuc2 and BACEl-GLucl PCA reporters 
were found in Alix-positive exosomes purified from the media 
using the serial ultracentrifugation method. 

To verify that the presence of AP/APP-BACE1 PCA signal in 
the conditioned media is associated with exosomal secretion, we 
tested if inhibition of exosome biogenesis would decrease the 
amount of APP-BACE1 PCA signal in the conditioned media. 
Sphingolipid metabolism, ceramide in particular, is an important 
regulator exosome biogenesis. Ceramide is the key regulator of 
cargo segregation into distinct subdomains of the endosomal 
membrane before budding of exosomal vesicles into multivesicular 
endosomes [51]. Inhibition of neutral sphingomyelinase (nSMase), 
which converts sphingomyelin to ceramide, by GW-4869 signif- 
icantly inhibited accumulation of AP/APP-BACE1 PCA signal in 
the conditioned media (—62%; Fig. 4C). These data suggest that 1) 
both APP and BACE1 holoproteins can be released from cells in 
association with exosomes, and 2) that AP/APP-BACE1 PCA in 
the conditioned media can be used as a readout of the exosomal 
release activity of these proteins. Thus, analysis of exosomal 
secretion of APP and BACE1 adds another multiplexing 
dimension for analyzing APP trafficking in live cells. 

Four-parameter multiplex assay for analyzing cellular fate 
of APP 

Separation of conditioned media from the cell monolayer allows 
parallel analysis of multiple readouts. In addition to detection of 
APP-BACE1 interaction in cells and in secreted exosomes, and 
total sAPP in media, we used cell-based SEAP signal as a readout 
of total cellular APP levels. Although a small fraction of the cell- 
derived SEAP signal likely comes from intracellular sAPP 
fragments, the vast majority of the signal is derived from APP 



holoprotein (mature and immature). This is also supported by 
previous reports [52]. Fig. 5 A summarizes the workflow and 
analyses of different samples in the four-parameter multiplex 
assay. The average interassay variation was determined for each 
assay readout by the Coefficient of Variation (%CV), the standard 
deviation across multiple independent assays expressed as a 
percentage of the mean (in AP-APP-Gluc2/BACE-GLucl trans- 
fected cells with no experimental treatments). For total cellular 
APP (SEAP) %CV was 12.5 ±2.5%, for shed APP in media 
(SEAP) 17.1 ±4.8%, for APP-BACE1 interaction in cells (PCA) 
9.9±3.2% and for exosomal APP-BACE1 complexes in media 
(PCA) 12.2±0.9% (n = 4 replicate experiments). This variation is 
acceptable for a cell-based assay using transient transfection, 
according to the widely used criteria in high-throughput assay 
development (well-to-well %CV should be less than 20%) [53]. 

We used pharmacological tools previously shown to affect 
cellular trafficking of APP differentially to test the responsiveness 
of the four-parameter multiplex APP assay. In addition to 
compounds used in Figs. 3-4, we added three more compounds 
for further functional validation. DAPT, a y-secretase inhibitor 
[54], acts downstream of BACE1 in the sequential APP proteolytic 
processing cascade, and is thus not expected to have significant 
effects in the four-parameter multiplex assay, that mosdy focuses 
on events that operate upstream of y-secretase. Bafilomycin Al, a 
vacuolar H + -ATPase inhibitor, reduces amyloidogenic processing 
of APP [55]. Interestingly, bafilomycin Al also increases cellular 
release of exosomes [56], likely to compensate for the reduced 
autophagic/lysosomal degradative capacity in the cells. 

The compiled data in Fig. 5B show that the four-parameter 
multiplex assay responds to all tested experimental conditions in a 
predictable way, and that the cellular fates of APP in different 
conditions are quite distinctive. For clarity, the sites of action of the 
validation compounds are summarized in Fig. 5C. Brefeldin A 
strongly reduces sAPP secretion due to its effects on early secretory 
pathway trafficking. BFA results in accumulation of APP and 
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Figure 5. Four-parameter multiplex assay for detection of 
cellular fates of APP. (A) Workflow and separation of samples for 
different analyses in the four-endpoint multiplex assay. Colors refer to 
the parameter/analyte used in the multivariate analysis graph in Fig. 5B. 
PCA and SEAP signals were read from both conditioned media and cell 
monolayer (in fresh media) and represent the presence of BACE1-APP 
complex and APP/sAPP species in different compartments. (B) 
Multivariate analysis of PCA and SEAP data from cells treated with 
brefeldin A, dynole 34-2, BACE1 inhibitor IV, DAPT, bafilomycin A1 and 
GW-4869. N2A cells were transiently transfected with BACE1-GLuc1 and 
AP/APP-GLuc2, and treated with indicated chemicals for 6 h (1 |iM 
BACE inhibitor IV, 0.5 uM DAPT, 10 uM Dynole 34-2) or 24 h (100 nM 
bafilomycin, 5 ug/ml brefeldin A, 10 |iM GW-4869) before measurement 
of PCA and SEAP signals (48 h after transfection). The average values 
are displayed as percentage of change as compared to vehicle-treated 
control cells. Error bars represent the SEM, and statistical significance 
was assessed using ANOVA (four replicate wells/experiment, four 
independent experiments). * p<0.05, ** p<0.01, *** p<0.001. (C) 
Schematic diagram showing the sites of action of the chemicals used in 
multiplex PCA in Fig. 5B. Brefeldin A inhibits the transport of secretory 
and membrane proteins from the ER to the Golgi. Bafilomycin A1, an 
inhibitor of vacuolar proton ATPases, prevents intravesicular acidifica- 
tion. Dynole 34-2 is an inhibitor of dynamin-dependent endocytosis. 
GW-4869, neutral sphingomyelinase inhibitor, reduces the exosomal 
secretion. BACE inhibitor IV and DAPT inhibit p- and y-secretase 
cleavage of APP, respectively. 
doi:1 0.1 371 /journal.pone.009861 9.g005 



BACE1 to the ER, which in this assay is reflected as an increase in 
APP-BACE1 interaction. BACE inhibitor IV and dynole 34-2 
modulate the BACE 1 -cleavage of APP via different mechanisms 
and have somewhat similar effects on the four assay readouts. 
Inhibition of y-secretase by DAPT shows little effects on the four 
readouts. Bafilomycin Al has the strongest overall effects on APP 
and BACE1 underscoring its strong impact on endocytic function 
and lysosomal/autophagic clearance of proteins. Modulation of 
sphingomyelin-ceramide conversion by GW-4869 not only affects 
exosomal secretion of APP-BACE1 complex but also strongly 
reduces sAPP shedding. Cellular levels of ceramide modulate the 
function of lipid rafts [57], and may also directly affect P-cleavage 
of APP via altered stability of BACE1 protein [58]. Altogether, 
these data show that modulation of different sites of the cellular 
trafficking machinery of APP and BACE1 produces distinctive 
patterns that can be effectively recognized by the new live-cell 
assay system. 

Discussion 

Here we describe a high-throughput capable live-cell assay 
system that can rapidly give mechanistic insight into how cellular 
trafficking of APP is altered by a given perturbation. The assay was 
developed around live-cell detection of APP-BACE1 protein- 
protein interaction. The final outcome of the APP-BACE1 
interaction - whether APP is cleaved by BACE1 or not - is 
determined by a wide range of factors. Various subcellular 
trafficking events determine when, where and for how long APP 
and BACE1 are allowed to interact within the cell [22]. Moreover, 
the local microenvironment where the interaction takes place 
determines whether BACE1 is able to cleave APP, as for example 
lower intravesicular pH is required for optimal BACE1 enzyme 
activity [35]. 

The APP interactome is very large, with many cytosolic domain 
interactions that regulate its subcellular trafficking and proteolytic 
processing [28]. New insights into the cellular regulation of the 
interactions and trafficking of APP can improve our understanding 
of normal physiological functions of APP and the cellular rationale 
behind its complex proteolytic processing machinery. Better 
understanding of the cellular fates of APP can provide new 
information on how genetic and environmental factors contribute 
to AD pathogenesis, and offer novel ways for restoring disease 
pathology to the normal cellular state, e.g. via modulation of key 
protein-protein interactions of APP. The outcome of our four- 
parameter multiplex live-cell assay is a distinct fingerprint of the 
cellular fate of APP, with immediate mechanistic insight, upon 
changing pharmacological, genetic or metabolic conditions. This 
feature combined with the high-throughput nature of the assay sets 
this new technique clearly apart from the existing methods to study 
cellular regulation of APP. 

Expectedly, majority of the proof-of-concept data produced 
using the novel live-cell APP multiplex assay is in line with 
previously published reports in the field. Inhibition of the vacuolar 
H+-ATPase by bafilomycin Al produced the most robust increase 
in APP-BACE1 interaction, likely due to reduced efficiency of 
BACE 1 -mediated APP cleavage in endosomes with elevated 
intraluminal pH [55,59]. y-secretase inhibition by DAPT had 
minor effects on the overall pattern of APP interactions and ot/ (3- 
secretase processing, although a minor and consistent increase in 
total cellular APP was observed. Similar observations have been 
reported previously [60]. 

Genetic manipulation of proteins involved in vesicular traffick- 
ing of APP and BACE1, such as GGA3 and VPS35, increased 
APP-BACE1 interaction, which is in line with previous reports 
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[38,61]. However, only GGA3 silencing had a strong effect on Af3 
levels. There are controversial reports on how VPS35 silencing 
affects A(3 secretion; both increase [39] and decrease [62] of A(340 
generation has been reported. These discrepancies may be 
explained by differences between cell lines or other experimental 
conditions, such as transfection and gene silencing efficiency, used 
in various studies. Moreover, in addition to its role in retrograde 
endosome-Golgi trafficking, VPS35 may also be involved in 
regulation of exosomal secretion [62]. In support of previous 
findings [48,63], we also report the presence of APP, C-terminal 
fragments and BACE1 in secreted exosomes. Our multiplex assay 
system offers a novel, highly sensitive tool to study the dynamics of 
exosomal secretion of APP and BACE1. In general, parallel 
assessment of multiple pathways may provide new insight into 
complex subcellular trafficking itineraries of APP. For example, 
sphingolipid metabolism modulates trafficking and processing of 
APP and BACE1 on multiple levels. Using the multiplex APP 
PC A, the strong effects of nSMase inhibition by GW-4869 on both 
shedding and exosomal secretion of APP were revealed, suggesting 
the involvement of ceramide in both processes. 

There are two obvious caveats with the multiplex APP assay. 
First, analysis of sAPP is not specific to the sAPP-P form but 
detects both the sAPP-a and sAPP-(5 forms. Using a mutation near 
the a-cleavage site to block a-secretase cleavage is an attractive 
strategy but this would require near-full inhibition, which cannot 
be achieved with the F615P mutation [40,41]. Secondly, the assay 
requires overexpression of APP and BACE1. Although this may 
alter the natural trafficking and processing machinery or the 
cellular localization of the reporters to some degree, it should be 
noted that most cell lines and transgenic animal models used in 
AD research similarly rely on overexpression of APP. Currently, 
the assay relies on transient transfection but for more extensive 
screening studies better control of the overexpression level of the 
reporter proteins would require generation of a stable reporter cell 
line. 

Sporadic forms of neurodegenerative diseases are complex and 
their etiologies cannot be narrowed down to a small number of 

References 

1. Dc Stroopcr B, Annacrt W (2000) Proteolytic processing and cell biological 
functions of the amyloid precursor protein. J Cell Sci 113: 1857—1870. 

2. Muller UC, Zheng H (2012) Physiological functions of APP family proteins. 
Cold Spring Harb Perspect Med 2: a006288. 

3. Glenner GG, Wong CW (1984) Alzheimer's disease: initial report of the 
purification and characterization of a novel cerebrovascular amyloid protein. 
Biochcm Biophys Res Commun 120: 885-890. 

4. Walsh DM, Klyubin I, Fadceva JV, Cullen WK, Anwyl R et al. (2002) Naturally 
secreted oligomers of amyloid beta protein potently inhibit hippocampal long- 
term potentiation in vivo. Nature 416: 535—539. 

5. Kamcnctz F, Tomita T, Hsich H, Scabrook G, Borchclt D ct al. (2003) APP 
processing and synaptic function. Neuron 37: 925-937. 

6. Gandy S (2005) The role of cerebral amyloid beta accumulation in common 
forms of Alzheimer disease. J Clin Invest 115: 1121—1129. 

7. Vetrivcl KS, Thinakaran G (2006) Amyloidogenie processing of beta-amyloid 
precursor protein in intracellular compartments. Neurology 66: S69-73. 

8. Kimberly WT, Zheng JB, Guenettc SY, Sclkoc DJ (2001) The Intracellular 
Domain of the beta -Amyloid Precursor Protein Is Stabilized by Fc65 and 
Translocates to the Nucleus in a Notch-like Manner. J Biol Chem 276: 40288- 
40292. 

9. Liu Q, Zcrbinatti CV, Zhang J, Hoc HS, Wang B ct al. (2007) Amyloid 
precursor protein regulates brain apolipoprotein E and cholesterol metabolism 
through lipoprotein receptor LRP1. Neuron 56: 66-78. 

10. Ring S, Wcyer SW, Kilian SB, Waldron E, Pietrzik CU ct al. (2007) The 
secreted beta-amyloid precursor protein ectodomain APPs alpha is sufficient to 
rescue the anatomical, behavioral, and electrophysiological abnormalities of 
APP-dcficicnt mice. J Ncurosci 27: 7817-7826. 

11. Wang W, Mutka AL, Zmrzljak UP, Rozman D, Tanila H ct al. (2014) Amyloid 
precursor protein alpha- and bcta-clcavcd cctodomains exert opposing control of 
cholesterol homeostasis via SREBP2. FASEB J 28: 849-860. 

12. Gcrvais EG, Xu D, Robertson GS, Vafflancourt JP, Zhu Y ct al. (1999) 
Involvement of caspascs in proteolytic cleavage of Alzheimer's amyloid- beta 



effector genes. Particularly, in the case of late-onset Alzheimer's 
disease (LOAD), which comprises more than 95% of the AD 
patient population, the functional connections of the risk genes to 
the known pathophysiological pathways of the disease remains 
poorly understood. In the post-GWAS-era, a major bottleneck is 
functional characterization of novel disease-associated genes. Cell- 
based assays that facilitate rapid screening of functional connec- 
tions of novel disease-associated genes to known pathophysiolog- 
ical pathways of the disease could significantly accelerate this 
process. Current methods used to study APP-related aspects of AD 
pathogenesis mostiy rely on analyzing protein complexes in cell or 
tissue extracts. Live-cell methods are more suitable for studying the 
dynamics of cellular trafficking of disease-associated proteins and 
their protein interactions, and may reveal new subtie nuances in 
cellular regulation of proteins of interest, while providing high- 
throughput abilities. Our multiplex live-cell assay provides a 
sensitive and dynamic reporter system that responds predictably to 
stimuli known to modulate amyloidogenie processing of APP in 
cells. This offers a novel and rapid way of addressing mechanistic 
aspects of e.g. altered amyloidogenie processing of APP in cells. 
Therefore, our novel assay platform offers significant advantages 
for various screening approaches, from drug discovery to 
functional characterization of late-onset AD risk genes. 

Acknowledgments 

We thank Drs. Stephan Michnick (original hGLuc plasmids), Dora Kovacs 
(BACEl-myc plasmid), Oksana Berczovska (phGLuc-APP^r, plasmids) and 
Stephan Lichtcnlhaler (AP-APP plasmid) for kindly providing the DNA 
constructs. The excellent technical assistance of Eeva-Liisa Saarikalle is 
gratefully acknowledged. 

Author Contributions 

Conceived and designed the experiments: MM PM N-PN HH. Performed 
the experiments: MM PM N-PN XY PS. Analyzed the data: MM PM XY 
HH. Wrote the paper: MM HH. 



precursor protein and amyloidogenie A beta peptide formation. Cell 97: 395- 
406. 

13. Nikolacv A, McLaughlin T, O'Lcary DD, Tessier-Lavigne M (2009) APP binds 
DR6 to trigger axon pruning and neuron death via distinct caspascs. Nature 
457: 981-989. 

14. Huttuncn HJ, Pugliclli L, Ellis BC, Mackenzie Ingano LA, Kovacs DM (2009) 
Novel N-terminal Cleavage of APP Precludes Abeta Generation in ACAT- 
Dcfcctivc AC29 Cells. J Mol Neurosci 37: 6-15. 

15. Vella LJ, Cappai R (2012) Identification of a novel amyloid precursor protein 
processing pathway that generates secreted N-tcrminal fragments. EASEB J 26: 
2930-2940. 

16. Wcidcmann A, Konig G, Bunkc D, Fischer P, Salbaum JM ct al. (1989) 
Identification, biogenesis, and localization of precursors of Alzheimer's disease 
A4 amyloid protein. Cell 57: 1 15-126. 

17. Huttuncn HJ, Peach C, Bhattacharyya R, Barren C, Pcttingcll W ct al. (2009) 
Inhibition of acyl-coenzymc A: cholesterol acyl transferase modulates amyloid 
precursor protein trafficking in the early secretory pathway. FASEB J 23: 3819- 
3828. 

18. Thinakaran G, Koo EH (2008) Amyloid precursor protein trafficking, 
processing, and function. J Biol Chcm 283: 29615-29619. 

19. Koo EH, Squazzo SL (1994) Evidence that production and release of amyloid 
beta-protein involves the endocytic pathway. J Biol Chem 269: 17386-17389. 

20. Perez RG, Soriano S, Hayes JD, Ostaszcwski B, Xia W ct al. (1999) Mutagenesis 
identifies new signals for beta-amyloid precursor protein endocytosis, turnover, 
and the generation of secreted fragments, including Abcta42. J Biol Chem 274: 
18851-18856. 

21. Grbovic OM, Mathews PM, Jiang Y, Schmidt SD, Dinakar R ct al. (2003) 
Rab5-stimulated up-regulation of the endocytic pathway increases intracellular 
beta-cleaved amyloid precursor protein carboxyl-terminal fragment levels and 
Abeta production. J Biol Chcm 278: 31261-31268. 

22. Small SA, Gandy S (2006) Sorting through the cell biology of Alzheimer's 
disease: intracellular pathways to pathogenesis. Neuron 52: 15-31. 



PLOS ONE | www.plosone.org 



8 



June 2014 | Volume 9 | Issue 6 | e98619 



23. Gabuzda D, BusciglioJ, Chen LB, Matsudaira P, Yankncr BA (1994) Inhibition 
of" energy metabolism alters the processing of" amyloid precursor protein and 
induces a potentially amyloidogenic derivative. J Biol Chem 269: 13623-13628. 

24. Buxbaum JD, Ruefli AA, Parker CA, Cypess AM, Greengard P (1994) Calcium 
regulates processing of the Alzheimer amyloid protein precursor in a protein 
kinase C-independent manner. Proc Natl Acad Sci U S A 91: 4489-4493. 

25. Bodovitz S, Klein WL (1996) Cholesterol modulates alpha-sccretase cleavage of 
amyloid precursor protein. J Biol Chem 271: 4436-4440. 

26. Domingucs SC, Henriques AG, Wu W, Da Cruz e Silva EF, Da Cruz e Silva 
OA (2007) Altered subcellular distribution of the Alzheimer's amyloid precursor 
protein under stress conditions. Ann N Y Acad Sci 1096: 184—195. 

27. Yang Y, Wu Y, Zhang S, Song W (2013) High Glucose Promotes Abcta 
Production by Inhibiting APP Degradation. PLoS One 8: c69824. 

28. Perreau VM, Orchard S, Adlard PA, Bellingham SA, Cappai R et al. (2010) A 
domain level interaction network of amyloid precursor protein and Abeta of 
Alzheimer's disease. Proteomics 10: 2377-2395. 

29. Barrett PJ, Song Y, Van Horn WD, Hustedt EJ, Schafer JM et al. (2012) The 
amyloid precursor protein has a flexible transmembrane domain and binds 
cholesterol. Science 336: 1168-1171. 

30. Hicks DA, Nalivacva NN, Turner AJ (2012) Lipid rafts and Alzheimer's disease: 
protcin-lipid interactions and perturbation of signaling. Front Physiol 3: 189. 

31. Bai Y, Markham K, Chen F, Weerasekera R, Watts J et al. (2008) The in vivo 
brain intcractomc of the amyloid precursor protein. Mol Cell Proteomics 7: 15- 
34. 

32. Kohli BM, Pfhcgcr D, Mueller LN, Carbonetti G, Aebersold R et al. (2012) 
Interactome of the amyloid precursor protein APP in brain reveals a protein 
network involved in synaptic vesicle turnover and a close association with 
Synaptotagmin- 1 . J Proteome Res 11: 4075-4090. 

33. Kinoshita A, Fukumoto H, Shah T, Whelan CM, Irizarry MC ct al. (2003) 
Demonstration by FRET of BACE interaction with the amyloid precursor 
protein at the cell surface and in early endosomes. J Cell Sci 116: 3339—3346. 

34. Thomas AV, Berezovska O, Hyman BT, von Arnim CA (2008) Visualizing 
interaction of proteins relevant to Alzheimer's disease in intact cells. Methods 44: 
299-303. 

35. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA et al. (1999) Beta- 
secretase cleavage of Alzheimer's amyloid precursor protein by the transmem- 
brane aspartic protease BACE. Science 286: 735-741. 

36. Remy I, Michnick SW (2006) A highly sensitive protein-protein interaction assay 
based on Gaussia luciferase. Nat Methods 3: 977-979. 

37. Lichtenthaler SF, Dominguez DI, Westmeyer GG, Reiss K, Haass C et al. 
(2003) The cell adhesion protein P-sclectin glycoprotein ligand-1 is a substrate 
for the aspartyl protease BACEL J Biol Chem 278: 48713-48719. 

38. Tesco G, Koh YH, Kang EL, Cameron AN, Das S et al. (2007) Depletion of 
GGA3 stabilizes BACE and enhances beta-secretase activity. Neuron 54: 721— 
737. 

39. Small SA, Kent K, Pierce A, Leung C, Kang MS ct al. (2005) Model-guided 
microarray implicates the retromer complex in Alzheimer's disease. Ann Neurol 
58: 909-919. 

40. Haass C, Hung AY, Sclkoe DJ, Teplow DB (1994) Mutations associated with a 
locus for familial Alzheimer's disease result in alternative processing of amyloid 
p-protein precursor. J Biol Chem 269: 17741-17748. 

41. Prabhu Y, Burgos PV, Schindler C, Farias GG, Magadan JG et al. (2012) 
Adaptor protein 2-mediated endocytosis of the beta-sccretasc BACE 1 is 
dispensable for amyloid precursor protein processing. Mol Biol Cell 23: 2339- 
2351. 

42. Kouchi Z, Kinouchi T, Sorimachi H, Ishiura S, Suzuki K (1998) The deletion of 
the C-terminal tail and addition of an endoplasmic reticulum targeting signal to 
Alzheimer's amyloid precursor protein change its localization, secretion, and 
intracellular proteolysis. Eur J Biochem 258: 291-300. 

43. Nordstedt C, Caporaso GL, Thyberg J, Gandy SE, Greengard P (1993) 
Identification of the Alzheimer beta/A4 amyloid precursor protein in clathrin- 
coated vesicles purified from PC12 cells. J Biol Chem 268: 608-612. 



Live-Cell Monitoring of Cellular Fates of APP 



44. Koo EH, Squazzo SL, Sclkoe DJ, Koo CH (1996) Trafficking Of Cell-Surface 
Amyloid p-Protcin Precursor. 1 . Secretion, Endocytosis And Recycling As 
Detected By Labeled Monoclonal Antibody. JCell Science 109: 991-998. 

45. Ehehalt R, Keller P, Haass C, Thiele C, Simons K (2003) Amyloidogenic 
processing of the Alzheimer beta-amyloid precursor protein depends on lipid 
rafts. J Cell Biol 160: 1 13-123. 

46. Carey RM, Balcz BA, Lopcz-Coviella I, Slack BE (2005) Inhibition of dynamin- 
dependent endocytosis increases shedding of the amyloid precursor protein 
ectodomain and reduces generation of amyloid beta protein. BMC Cell Biol 6: 
30. 

47. Hill TA, Gordon CP, McGcachic AB, Venn-Brown B, Odell LR et al. (2009) 
Inhibition of dynamin mediated endocytosis by the dynoles-synthesis and 
functional activity of a family of indoles. J Med Chem 52: 3762—3773. 

48. Perez-Gonzalez R, Gauthicr SA, Kumar A, Levy E (2012) The exosome 
secretory pathway transports amyloid precursor protein carboxyl-terminal 
fragments from the cell into the brain extracellular space. J Biol Chem 287: 
43108-43115. 

49. Yuyama K, Sun H, Mitsutake S, Igarashi Y (2012) Sphingolipid-modulated 
exosome secretion promotes clearance of amyloid-beta by microglia. J Biol 
Chem 287: 10977-10989. 

50. Thery C, Amigorena S, Raposo G, Clayton A (2006) Isolation and 
characterization of exosomes from cell culture supernatants and biological 
fluids. Curr Protoc Cell Biol Chapter 3: Unit 3.22. 

5 1 . Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D et al. (2008) Ceramide 
triggers budding of exosome vesicles into multivesicular endosomes. Science 319: 
1244-1247. 

52. von Arnim CA, Spoelgcn R, Peltan ID, Deng M, Courchesne S et al. (2006) 
GGA1 acts as a spatial switch altering amyloid precursor protein trafficking and 
processing. J Neurosci 26: 9913-9922. 

53. Sittampalam GS, Neely G-E, Arkin M, Auld D, Austin C et al. (editors) (2004) 
Assay Guidance Manual. Eli Lilly & Company and the National Center for 
Advancing Translational Sciences. Available from: http://www.ncbi.nlm.nih. 
gov/books/NBK53196/. Accessed 2010 Mar 1. 

54. Dovey HF, John V, Anderson JP, Chen LZ, de Saint Andrieu P et al. (2001) 
Functional gamma-sccretase inhibitors reduce beta-amyloid peptide levels in 
brain. J Neurochem 76: 173-181. 

55. KnopsJ, Suomensaari S, Lee M, McConloguc L, Seubcrt P et al. (1995) Cell- 
type and amyloid precursor protein-type specific inhibition of A beta release by 
bafilomycin Al, a selective inhibitor of vacuolar ATPases. J Biol Chem 270: 
2419-2422. 

56. Savina A, Furlan M, Vidal M, Colombo MI (2003) Exosome release is regulated 
by a calcium-dependent mechanism in K562 cells. J Biol Chem 278: 20083- 
20090. 

57. Milhas D, Clarke CJ, Hannun YA (2010) Sphingomyelin metabolism at the 
plasma membrane: implications for bioactive sphingo lipids. FEBS Lett 584: 
1887-1894. 

58. Puglielli L, Ellis BC, Saunders AJ, Kovacs DM (2003) Ceramide stabilizes beta- 
site amyloid precursor protein-cleaving enzyme 1 and promotes amyloid beta- 
peptide biogenesis. J Biol Chem 278: 19777-19783. 

59. Lin X, Koelsch G, Wu S, Downs D, Dashti A et al. (2000) Human aspartic 
protease memapsin 2 cleaves the beta-secretase site of beta-amyloid precursor 
protein. Proc Natl Acad Sci U S A 97: 1456-1460. 

60. Kyriazis GA, Wei Z, Vandermcy M, Jo DG, Xin O et al. (2008) Numb 
endocytic adapter proteins regulate the transport and processing of the amyloid 
precursor protein in an isofbrm-dependent manner: implications for Alzheimer 
disease pathogenesis. J Biol Chem 283: 25492-25502. 

61. Wen L, Tang FL, Hong Y, Luo SW, Wang CL et al. (2011) VPS 3 5 
haploinsufficicncy increases Alzheimer's disease neuropathology. J Cell Biol 195: 
765-779. 

62. Sullivan CP, Jay AG, Stack EC, Pakaluk M, Wadlingcr E et al. (201 1) Retromer 
disruption promotes amyloidogenic APP processing. Neurobiol Dis 43: 338-345. 

63. Sharpies RA, Vella LJ, Nisbet RM, Naylor R, Perez K et al. (2008) Inhibition of 
gamma-secretase causes increased secretion of amyloid precursor protein C- 
terminal fragments in association with exosomes. FASEB J 22: 1469-1478. 



PLOS ONE | www.plosone.org 



9 



June 2014 | Volume 9 | Issue 6 | e98619 



